The present study aims to study the changes of ER phospholipids profile as well as levels of important intermediates of phospholipid synthesis such as diacylglycerol (DAG) and phosphatidic acid (PA) at the initiation stage of OPIDN. Hens are the most commonly used animal models of OPIDN. The spinal cord phospholipidomic profiles of hens treated by TOCP were studied by using HPLC-MS-MS. The results revealed that TOCP induced an increase of PC, LPC, and sphingomyelin (SM) levels and a decrease of GPC, phosphatidylethanolamine (PE), lysophosphatidylethanolamine (LPE), lysophosphatidylserine (LPS), phosphatidylglycerol (PG), and phosphatidylinositol (PI) levels., Levels of DAG and PA were also decreased. Pretreatment with phenylmethylsulfonyl fluoride (PMSF) 24 h before TOCP administration prevented OPIDN and restored the TOCP-induced changes of phospholipids except GPC. Thus, the disruption of ER phospholipid homeostasis may contribute to the initiation of organophosphate-induced delayed neurotoxicity.
. The main symptoms of OP poisoning include acute cholinergic syndrome, intermediate syndrome and OP-induced delayed neurotoxicity (OPIDN) 3, 4 . Certain OPs such as tri-o-cresyl phosphate (TOCP), which is used mainly in industry as a lubricating oil additive or a softener, are able to induce OPIDN. The clinical symptoms of OPIDN occur 1-3 weeks following exposure to OPs. OPIDN is a neurodegenerative disorder characterized by ataxia, which progresses to paralysis with a concomitant distal degeneration of some long and large-diameter axons in the peripheral nerves and the spinal cord 5 . Hens are the most sensitive animal model of OPIDN and the clinical signs were similar to those seen in humans 6 . The putative molecular target of OP responsible for the initiation of OPIDN is neuropathy target esterase (NTE), which is a member of the serine hydrolase family protein 7 . OPIDN requires more than 70% inhibition of NTE activity within 1-2 days post-dosing. In addition, aging of NTE, which involves increased negative charge at the active site, is also required for OPIDN 8, 9 . Studies have shown that NTE is anchored to the cytoplasmic face of the endoplasmic reticulum (ER), where it catalyzes the deacylation of phosphatidylcholine (PC) and lysophosphatidylcholine (LPC) to glycerophosphocholine (GPC) [10] [11] [12] . The biochemical function of NTE indicates that inhibition of NTE by OP may, at least temporarily, disrupt phospholipid homeostasis in ER. However, the detailed underlying molecular mechanism of OPIDN is not completely understood. Phospholipid bilayers maintain the structure and functionality of all unicellular and multicellular membranes. ER is the primary site for phospholipid synthesis and contains > 60% of phospholipid mass in a variety of cell types 13 . The phospholipid content and composition in ER are in constant changes triggered by different cellular events [13] [14] [15] . Phospholipid imbalances can lead to many neurological disorders, including bipolar disorders, schizophrenia, and neurodegenerative diseases such as Alzheimer's, Parkinson's, Niemann-Pick and Huntington diseases 16, 17 . In eukaryotic cells, ER is the starting point for all secretory transport, which is important for axonal transport as well as the interaction between the axon and supporting glial cells 18 . Inhibition of the retrograde axonal transport has been demonstrated in the OP-dosed chickens before the onset of ataxia 19 . And abnormal glial-axonal/ neuronal interaction was the earliest detected pathological change in the brains of swiss cheese (homolog of NTE in Drosophila) mutant flies 20 . Thus disruption of ER's secretory function may play an important role in the initiation of OPIDN. Since ER phospholipid imbalances may cause malfunctions of the ER, ER phospholipid imbalances may be the causal link between OP-modified NTE and axonal degeneration in OPIDN.
Phenylmethylsulfonyl fluoride (PMSF) is a non-neuropathic NTE inhibitor, which inhibits the activity of NTE but does not produce aged NTE. It has been reported that hens pretreated with PMSF were completely protected against neuropathy from subsequently administered neuropathic OP inhibitors such as TOCP 21 . Phospholipidomics is a powerful research tool that can be utilized to investigate phospholipid pathways, which play important roles in cell biology and in specific disease processes. Phospholipidomics approaches have therefore been used in cultured cells, in animal studies and increasingly in the human pathophysiological context 16, 17 . Thus, in the current study, to investigate the relationship between ER phospholipid profile and OPIDN, phospholipidomics was employed to characterize ER phospholipid profiles in hens exposed to TOCP with or without pretreatment with PMSF. To our knowledge, this is the first phospholipidomics analysis for OPIDN.
Results
Clinical signs and NTE activity. Signs of delayed neurotoxicity were first observed on day 7 post-dosing in hens treated with TOCP (mean score = 1.0 ± 0.17). These hens developed complete paralysis by day 21 (mean score = 7.8 ± 0.17). However, no clinical signs of delayed neurotoxicity were observed for hens that were pretreated with PMSF for 24 h and then treated with TOCP during the whole experiment period. Thus, pretreatment with PMSF before the administration of TOCP protected the hens from the development of the delayed neurotoxicity.
NTE is the direct molecular target of TOCP. Compared to control group, NTE activity was reduced to 11% on day 2 after TOCP treatment. However, although PMSF pretreatment prevented the delayed neurotoxicity in hens induced by TOCP, NTE activity inhibition was not prevented by PMSF pretreatment compared to that by TOCP alone treatment (data not shown).
Comparative phospholipidomics.
To study the changes of ER phospholipid homeostasis induced by TOCP, phospholipidomics analyses were performed using the ER fraction from spinal cord samples of hens in control, TOCP, and PMSF plus TOCP groups. Total 201 phospholipid species from 9 classes, i.e., phosphatidylcholine (PC), lysophosphatidylcholine (LPC), phosphatidylethanolamine (PE), lysophosphatidylethanolamine (LPE), phosphatidylserine (PS), lysophosphatidylserine (LPS), phosphatidylglycerol (PG), phosphatidylinositol (PI), and sphingomyelin (SM) were identified. Partial least square-discriminant analysis (PLS-DA) was carried out for the phospholipid composition of spinal cord ER in control, TOCP, and PMSF plus TOCP groups. As shown in Fig. 1 , the PLS-DA plot showed that the data points in control group were clearly separated from those in TOCP group. Interestingly, Data points in PMSF pretreatment group (PT) located between those in control group and TOCP groups (Fig. 1A) .
Next, the phospholipids contributing most to the separation of these three groups according to variable importance plot (VIP) values were identified. VIP is a weighed sum of squares of the PLS weight, and VIP values indicate the importance of the variables to the whole model. Fifty-nine phospholipids with VIP values larger than 1.00 and P values less than 0.05 were identified to have significant different levels among the three groups (Fig. 1B) . Compared to control, 30 out of 59 phospholipids were increased in TOCP group, which belong to 3 classes: PC (16 phospholipids), LPC (5 phospholipids) and SM (9 phospholipids) ( Fig. 2A, white bars) . The other 29 phospholipids were decreased in TOCP group, which belong to 5 classes: PE, LPE, PG, PS and LPS. Most of these 29 phospholipids were PE and LPE species (22 and 4, respectively) (Fig. 2B, white bars) . Interestingly, levels of all the 59 phospholipids were restored, at least partly, in PMSF plus TOCP group (Fig. 2, black bars) .
Furthermore, the total phospholipids in each individual lipid class in these three groups were compared. Figure 3 showed that compared to control, TOCP induced a prominent increase of PC, LPC, and SM and an obvious decrease of PE, PI, PG, LPE, and LPS. PS levels did not change after TOCP administration. Interestingly, total phospholipids levels were not altered by TOCP treatment. Surprisingly, although NTE inhibition by TOCP treatment was similar by PMSF pretreatment, it reversed the increase of PC, LPC, and SM as well as the decrease of PE, PG, LPS, PI, and LPE induced by TOCP.
Effect of PMSF pretreatment on recovery of GPC level. NTE acts as phospholipase B and catalyzes the deacylation of PC and LPC to GPC. GPC levels in spinal cord were further measured by HPLC-ESI-MS. There was a statistically significant decrease (decreased to 63% of control) of GPC content in TOCP treatment hens (T group). Meanwhile, PMSF pretreatment (PT group) also decreased the GPC content (decreased to 61% of control) (Fig. 4A ), which indicated PMSF did not restore the NTE activity inhibited by PMSF, and the decrease of GPC level was not directly related with OPIDN initiation.
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Effect of PMSF pretreatment on recovery of DAG and PA levels. Diacylglycerol (DAG) and phosphatidic acid (PA) are important intermediate metabolites in phospholipids homeostasis, which serve as both the substrates of phospholipids synthesis and products of phospholipids degradation. Thus DAG and PA levels in spinal cord ER were measured using ELISA. The result showed that PA and DAG levels in TOCP alone treated hens were significantly decreased compared to control, and PMSF pretreatment could markedly protected the reduction of PA and DAG levels ( Fig. 4B and C).
Discussion
OPIDN is a neurodegenerative condition that specifically affects nerves with long axons in both the central and peripheral nervous systems. In this study, OPIDN was successfully induced in hens using a single dose of TOCP and pretreatment with PMSF prevented hens from OPIDN. Our phospholipidomics analysis showed that pretreatment with PMSF restored the TOCP-induced changes of phospholipids except GPC in the early phase of OPIDN. Thus this study suggests that disruption of ER phospholipid homeostasis may play an important role in the initiation development of OPIDN.
NTE is thought to be the initiation site of OPIDN and inhibition of NTE is necessary but not sufficient for OPIDN initiation (Johnson 1982) . Consistently, our data showed that NTE was significantly inhibited (> 85%) on day 2 in both TOCP treatment and PMSF pretreatment hens. NTE is a member of a 9-protein family of patatin-like phospholipase domain-containing proteins (PNPLAs), of which NTE is PNPLA6 18 . It is anchored to ER membrane and catalyzes the deacylation of PC and LPC to GPC. This suggests that disruption of ER phospholipid homeostasis may be implicated in OPIDN.
Phosphatidylcholine (PC) is the most abundant phospholipid in eukaryotic cell membranes, and disruption of the PC homeostasis was found in many neurodegenerative disorders 22 . LPC is the product of PC degradation by phospholipase A (PLA). An elevated LPC level can induce neuronal sheath demyelination and a variable degree of axonal degeneration 23, 24 , which is similar to the pathological changes of OPIDN. As expected, the PC and LPC Different colors indicate the levels of each phospholipid (Red indicates that the value is higher than the average and green lower than the average). Abbreviations: ER, endoplasmic reticulum; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; LPS, lysophosphatidylserine; PLS-DA, partial least square-discriminant analysis; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PS, phosphatidylserine; SM, sphingomyelin; TOCP, tri-o-cresyl phosphate. levels were remarkably elevated and GPC level was significantly decreased 2 d after TOCP administration, which indicated that inhibition of NTE by TOCP disturbed the balance among PC, LPC and GPC. The present result is consistent with the findings in mice 25 . However, our previous study showed that no changes of PC and LPC were observed after TOCP exposure in hens using one-dimensional TLC 26 . The detection limit of the method and the time point chosen to study may be the reasons that cause the difference.
Our result showed that total phospholipids were not affected by TOCP treatment. Hence the increase of PC was accompanied by the decrease of other phospholipids. PE, synthesized via the Kennedy pathway by using ethanolamine and DAG in ER, was remarkably decreased. PG and PI, synthesized by a common precursor PA, were both decreased. The conversion of DAG to PA could contribute to the balance of phospholipid synthesis between Data are normalized to those in control group and are expressed as fold change compared to control group. All the phospholipid species were significantly changed in TOCP group compared to control group with P values < 0.05 (n = 5). Data were expressed as mean ± SEM (n = 5). *P < 0.05, and **P < 0.01, compared to TOCP group (n = 5). the pathway producing PC, PE and PS and that producing PI and PG 27 . DAG and PA, substrates of phospholipids synthesis and products of phospholipids degradation, were also significantly decreased after TOCP treatment. No alternation was observed in PS, which is synthesized by base-exchange from PC or PE by PS synthases. However, SM, which is synthesized by PC and ceramide 28 , was significantly increased. These data suggested that TOCP interfered with ER phospholipid homeostasis through disturbing pathways of phospholipid biosynthesis and interconversion in ER (Fig. 5) .
Surprisingly, although GPC level in PMSF plus TOCP-treated hens was similar as that in TOCP alone treated hens, PC and LPC levels were decreased in PMSF plus TOCP-treated hens compared to TOCP alone treated hens. This result suggested that the alteration of GPC level was not responsible for OPIDN initiation. Meanwhile, DAG, PA and other changed phospholipids were all at least partly restored in PMSF-pretreated hens compared to TOCP alone treated hens. Thus we proposed that increase of PC induced by TOCP may lead to an increase of SM and a decrease of DAG and PA, which then lead to reduced synthesis of PE, PG, and PI (Fig. 6) . However, since the maintenance of ER phospholipid homeostasis is highly complicated, the detailed mechanism merits further investigation.
It is of note that aging of NTE is discovered to be important in OPIDN initiation 8, 9 . Pretreatment with protease inhibitor PMSF has been shown to protect the aging of NTE and prevent the development of delayed symptoms in hens 29 . Thus the aging of NTE correlated with the results of the present study, i.e., PMSF reversed most of the phospholipid changes induced by TOCP. However, the relationship between NTE aging and ER phospholipid homeostasis and how PMSF pretreatment regulates phospholipid homeostasis needs to be further investigated. The spinal cord samples were collected on day 2 after TOCP administration. GPC content was detected by HPLC-ESI-MS and DAG and PA levels were measured by ELISA assay. GPC and PA concentrations were expressed as ng per mg of spinal cord sample. DAG concentrations were expressed as fmol per mg of spinal cord sample. Data were expressed as mean ± SEM (n = 5). *P < 0.05, and **P < 0.01, compared to the control group. # P < 0.05, compared to TOCP group. In summary, we revealed that the ER phospholipid homeostasis was disturbed due to NTE inhibition at the initiation stage of OPIDN. This result could contribute to the better understanding of the pathogenesis involved in OPIDN and may aid in the possible discovery of novel treatment for OPIDN.
Materials and Methods
Reagents. TOCP (purity > 99%) was purchased from BDH Chemicals Co. Ltd. (Poole, England).
Phenylmethylsulfonyl fluoride (PMSF) was purchased from Fluka Chemika (Buchs, Switzerland). Mipafox and phenyl valerate were synthesized in our laboratory as described previously 25 . 4-aminoantipyrine was obtained from Beijing Xizhong Chemical Factory (Beijing, China). Glycerophosphocholine (GPC), paraoxon, ammonium formate and formic acid were obtained from Sigma-Aldrich (St. Louis, MO, USA). The following synthetic lipid standards were purchased from Avanti Polar Lipids (Alabaster, AL, USA): 1,2-dimyristoyl-sn-glycero-3-phospho-(1′ -rac-glycerol) ( Animals. Adult Beijing white laying hens (10 month, weighing 1.0-1.5 kg) were obtained from Dabei Poultry Farm (Beijing, China). They were housed two per cage in a temperature and humidity-controlled room (22 °C and 50% humidity), with a light/dark cycle of 12 h. The hens were acclimatized for 7 d prior to the start of the experiment.
All animal procedures were performed in accordance with the applicable Chinese legislation and approved by the Animal and Medical Ethics Committee of the Institute of Zoology, Chinese Academy of Sciences.
Drug administration. Twenty-four hens were randomly divided into control group, TOCP group and PMSF plus TOCP group. The hens in TOCP group and PMSF plus TOCP group were orally given a single dose of TOCP with 750 mg/kg body weight in gelatin capsules. PMSF pretreatment hens were injected subcutaneously (s.c.) with PMSF (60 mg/kg) dissolved in dimethylsulfoxide (DMSO) and 24 h before TOCP administration. The control group hens were given empty gelatin capsules. Hens were examined daily for the delayed neurotoxic signs after the administration of TOCP until day 21. OPIDN neurological signs were assessed by an eight-point graded scale (0, normal ambulation; 1-2, slight and infrequent hind limb incoordination; 3-4, moderate but definite hind limb incoordination; 5-6, severe and frequent difficulty in walking and standing erect; 7-8, virtual to complete hind limb paralysis) 30 . Five hens in each group were sacrificed on day 2 after TOCP administration and the other 3 hens on day 21. The spinal cord samples were quickly dissected and frozen in liquid nitrogen and then kept at − 80 °C for biochemical analysis.
NTE activity assay.
Spinal cord were homogenized in TE buffer (50 mM Tris-HCl, 0.2 mM EDTA, pH 8.0) and centrifuged at 100 g at 4 °C for 2 min. The supernatant fraction was used to determine NTE activity according to the procedure in the earlier report 31 . Briefly, 0.5 ml samples were incubated with 50 μ M paraoxon and 0 or 25 μ M mipafox at 37 °C for 20 min. Then 1 ml substrate solution (mixture of 1 volume of 15 mg/ml phenyl valerate and 30 volume of 0.03% Triton X-100 in TE buffer) was added to each of the reaction tubes. After incubation at 37 °C for 30 min, 1 ml stop buffer (3.33% SDS/0.025% 4-aminoantipyrine in TE buffer) was introduced and then 0.5 ml of 0.4% potassium ferricyanide in water was added. The absorbance was measured at 486 nm. NTE activity was calculated as the difference in phenol liberated from the paraoxon-resistant and mipafox-sensitive hydrolysis of phenyl valerate, and expressed as nanomoles of phenol formed per minute per milligram of protein with phenol as the standard. Concentrations of protein were measured by using the method of Bradford (1976) with bovine serum albumin as standard.
Measurement of GPC levels. Spinal cord samples were homogenized in water with 0.1% formic acid and then chloroform with 0.1% formic acid was added to remove the proteins and lipids. The mixture was centrifuged at 13500 g at 4 °C for 20 min to separate the two phases. The upper phase was used to measure the GPC level using HPLC-electron spray ionization (ESI)-MS. The experiment was performed on an Agilent 1200 series HPLC system coupled to an Agilent 6520 Accurate-Mass Quadrupole Time-of-Flight mass spectrometry (QTOF MS) equipped with an Agilent ESI source (Agilent Technologies, CA, USA). Three microliter samples were injected onto a ZORBAX Extend-C18 column (2.1 × 50 mm, 1.8 μ m, Agilent, US) with mobile phase flow rate of 0.2 ml/min. Mobile phase was 3% acetonitrile in water containing 0.1% formic acid and the elution lasted for 4 min. The HPLC column was maintained at 25 °C in a thermostat. The jet stream ESI source was operated in the positive mode. Instrument parameters were set as follows: sheath gas temperature, 350 °C; sheath gas flow, 10 L/min; nebulizer, 45 psi; dry gas temperature, 300 °C; dry gas flow, 5 L/min and capillary entrance voltage, 3500 V. Fragmentor and skimmer were operated at 175 V and 65 V, respectively. The MS scan data were collected at a rate of 1.02 spectra/s in the range of m/z 60-1100. The m/z of all ions in the mass spectra were corrected by two reference ions (m/z 121.050873 and 922.009798), which ensured that the mass error was less than 3 ppm throughout the experiment. GPC level was quantified according to the standard and normalized to the tissue weight.
ER fractionation and lipid extraction. ER fractionation of spinal cord in hens were carried out as described by Cox and Emili 32 . Total lipids in ER were extracted by a modified Folch method 33 . Briefly, 0.5 g hen spinal cord samples were homogenized for 20 times in 1.5 ml STM buffer (0.25 M sucrose, 50 mM Tris pH 7.4, 5 mM MgCl 2 ) by using a glass-homogenizer. The whole lysates were first cleared by centrifugation at 3000 g for 10 min, followed by centrifugation at 6000 g for 15 min to remove mitochondria. Then the supernatant was centrifuged at 100,000 g for 60 min to obtain ER pellet. The precipitant was re-suspended in 200 μ l STM buffer. Lipids in ER suspensions were extracted by using 1 ml of chloroform-methanol ER phospholipid profile analysis. HPLC-ESI-MS/MS technique was used to analyze the phospholipid profile of the ER fraction of spinal cord as described previously 34 . Twenty microliter lipid samples were injected onto a Rx-SIL silica column (2.1 × 150 mm, 5 μ m, Agilent, US) with mobile phase flow rate of 0.1 ml/min. Solvent A and B were hexane/isopropanol/water (30/70/2, v/v/v) and methanol/water (100/2, v/v), respectively, both containing 5 mM ammonium formate. The gradient elution began with 100% solvent A solution for 30 min and switched to 100% solvent B from 30.01 min to 62 min. The thermostat column compartment was operated at 25 °C. The jet stream ESI source was operated in the negative mode, and instrument parameters were set as follows: sheath gas temperature, 350 °C; sheath gas flow, 8 L/min; nebulizer, 20 psi; dry gas temperature, 300 °C; dry gas flow, 5 L/min; and capillary entrance voltage, 3500 V. Fragmentor and skimmer were operated at 190 V and 65 V, respectively. The MS scan data were collected at a rate of 1.02 spectra/s in the range of m/z 100-2000. The m/z of all ions in the mass spectra were corrected by two reference ions (m/z 112.985587 and 966.000725), which ensured that the mass error was less than 3 ppm throughout the experiment. MS data of phospholipids profiles were extracted by MassHunter Qualitative Analysis software (B.02.00). All detected lipids were quantified according to the corresponding internal standard and normalized to the tissue weight. Partial least square discriminant analysis (PLS-DA) was performed with SIMCA-P 11.5. The open-source MultiExperiment Viewer software was employed for heatmap generation.
Enzyme-linked immunosorbent assay. DAG and PA contents in spinal cord ER were evaluated by enzyme-linked immunosorbent assay (ELISA). The experiments were carried out using commercially available kits according to the manufacturer's protocols. Briefly, the microtiter plate provided in the kits was pre-coated with an antibody specific to chicken DAG or PA. Standards or samples were then added and incubated. DAG or PA antibody conjugated to horseradish peroxidase (HRP) was added and incubated. Then a TMB substrate solution was added to each well. The enzyme-substrate reaction was terminated by the addition of sulfuric acid solution and the color change was measured by a spectrophotometer at a wavelength of 450 nm. The concentrations of DAG or PA in the samples were then determined according to the standard curve.
Statistical analysis.
All values were presented as mean ± SEM from five animals. Statistically significant differences (P < 0.05 and P < 0.01) were determined by ANOVA using SPSS 12.0 statistical software. Comparisons of mean values were performed by the Tukey's test.
